Abstract Natural phytochemicals are attracting increasing interest as anticancer agents. The aim of this study is to evaluate the therapeutic potential of geraniin, a major ellagitannin extracted from Geranium sibiricum L., in human glioma. Human U87 and LN229 glioma cells were treated with different concentrations of geraniin, and cell viability, apoptosis, and gene expression were assessed. The involvement of STAT3 signaling in the action of geraniin was examined. We found that geraniin treatment for 48 h significantly (P \ 0.05) impaired the phosphorylation of STAT3 and reduced the expression of downstream target genes Bcl-xL, Mcl-1, Bcl-2, and cyclin D1. Exposure to geraniin led to a concentration-dependent decline in cell viability and increase in apoptosis in glioma cells, but had no significant impact on the viability of normal human astrocytes. Measurement of caspase-3 activity showed that geraniin-treated U87 and LN229 cells showed a 1.8-2.5-fold higher caspase-3 activity than control cells. Overexpression of constitutively active STAT3 significantly (P \ 0.05) reversed geraniin-mediated growth suppression and apoptosis, which was accompanied by restoration of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1 expression. In an xenograft tumor mouse model, geraniin treatment significantly retarded tumor growth and induced apoptosis. Western blot analysis confirmed the suppression of STAT3 phosphorylation in glioma
Introduction
Glioblastoma multiforme (GBM) is the most aggressive tumor of the central nervous system (Alexiou et al. 2015) . Surgery followed by adjuvant radiation and chemotherapy is usually used to treat GBM (Omuro and DeAngelis 2013; Chinot et al. 2014) . Despite improvement in multimodal therapies, the median survival time for malignant gliomas is only 1-2 years (Wen and Kesari 2008; Tanase et al. 2013) . Therefore, it is of importance to develop novel therapeutic agents that can be used as a single agent or in combination with existing drugs to treat GBM.
Signal transducer and activator of transcription 3 (STAT3) is a transcription factor that is constitutively activated in many types of cancers (Yeh and Frank 2016) . STAT3 activation is implicated in multiple aspects of tumor biology, such as proliferation, survival, invasion, and angiogenesis (Chai et al. 2016) . At the molecular level, STAT3 regulates the expression of numerous genes involved in tumor progression, including cyclin D1, c-myc, Bcl-2, BclxL, Mcl-1, and MMP3 (Chai et al. 2016) . Aberrant activation of STAT3 has been shown to contribute to glioma tumorigenesis, metastasis, and drug resistance (Gray et al. 2014; Xue et al. 2016) . Preclinical studies reported that inhibition of STAT3 signaling suppresses human glioma growth (Yue et al. 2016; Ma et al. 2015) . STAT3 is thus suggested as a promising therapeutic target for malignant gliomas.
Geraniin, a major ellagitannin extracted from Geranium sibiricum L., has shown numerous bioactive properties including anti-inflammatory, anti-hyperglycemic, antihypertensive, and antitumor activities (Elendran et al. 2015; Wang et al. 2016; Zhai et al. 2016) . This compound was found to trigger apoptotic response in different types of cancer cells, such as breast cancer (Zhai et al. 2016) , lung adenocarcinoma , and melanoma (Lee et al. 2008 ) cells, suggesting its broad anti-cancer potential. Although several other ellagitannins such as punicalagin ) have displayed pro-apoptotic activity in glioma cells, the pharmacological effects of geraniin on malignant gliomas are still unclear.
In this study, we examined the effects of geraniin treatment on the growth and apoptosis of glioma cells both in vitro and in vivo. Since STAT3 signaling plays a pivotal role in glioma development and progression, we checked whether the activity of geraniin in glioma cells was associated with regulation of STAT3-mediated signaling.
Materials and methods

Cell culture and treatment
Human glioma cell lines (U87 and LN229) were obtained from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). They were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; PAA Laboratories, Pasching, Austria). Normal human astrocytes were purchased from ScienCell Research Laboratories (Carlsbad, CA, USA) and maintained in astrocyte medium (ScienCell Research Laboratories) supplemented with 10% FBS. Geraniin (C98% in purity; Fig. 1a ) was purchased from Wuhan ChemFaces Biochemical Co., Ltd. (Wuhan, China). It was dissolved in 0.1% dimethyl sulfoxide (DMSO) to prepare a stock solution (50 mM). For geraniin treatment, glioma cells were exposed to different concentrations of geraniin (5, 40, and 80 lM) for 48 h and cell viability, apoptosis, and gene expression were analyzed.
Western blot analysis
Protein lysates were prepared using radioimmune precipitation (RIPA) buffer containing protease inhibitors (Sigma-Aldrich, St. Louis, MO, USA), separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis, and transferred onto nitrocellulose membranes. The membranes were incubated at 4°C overnight with antiphospho-STAT3(Y705), anti-STAT3 (Abcam, Cambridge, UK), anti-Bcl-xL, anti-Mcl-1, anti-Bcl-2, anticyclin D1, or anti-b-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), followed by horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology). Protein bands were visualized using a chemiluminescence detection kit (Pierce, Rockford, IL, USA). Densitometry was performed using the Model GS-800 Calibrated Imaging Densitometer System with Quantity One software (Bio-Rad, Hercules, CA, USA).
Cell viability assay
Cells were plated at a density of 1 9 10 4 cells/well into 96-well plates and treated with geraniin for 48 h. Cell viability was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay. MTT solution (0.5 mg/mL; Sigma-Aldrich) was added to each well and incubated for 4 h at 37°C. The formazan crystals were dissolved in dimethyl sulfoxide, and absorbance was recorded at the wavelength of 570 nm.
Detection of apoptotic cells by flow cytometry
Apoptosis was assessed using an Annexin V-fluorescein isothiocyanate (FITC) apoptosis detection kit, according to the manufacturer's instructions (Nanjing KeyGen Biotech Co., Ltd., Nanjing, China). Cells were stained with Annexin V and propidium iodide (PI) for 15 min in the dark. Apoptotic cells were detected using a FACSCaliber flow cytometer (Becton-Dickinson, Franklin Lakes, NJ, USA).
Caspase-3 activity assay Cells were lysed in lysis buffer and caspase-3 activity was determined using a colorimetric assay kit (BioVision Inc., Mountain View, CA, USA). Absorbance was read at the wavelength of 405 nm. Animal experiments U87 cells (2 9 10 6 cells/mouse) were subcutaneously injected to the right flank of male BALB/c nude mice (4 week old; Shanghai Laboratory Animal Center, Chinese Academy of Sciences, Shanghai, China). When xenograft tumors grew to *100 mm 3 , mice were randomly assigned into the following 2 groups (n = 4): control group (0.1% DMSO) and geraniin (60 mg/kg) group. Geraniin was administered once daily by oral gavage. Tumor volume was measured every 4 days. At 20 days after the initial treatment, mice were sacrificed and tumors were weighed. Tumor samples were processed for apoptosis analysis by terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) staining using an apoptotic cell detection kit (Nanjing KeyGen Biotech Co., Ltd.). This study was approved by the Ethics Committee for the Use and Care of Laboratory Animals at Kunming Medical University (Kunming, China).
Statistical analysis
Data are expressed as mean ± standard deviation. Statistical significance was determined by Student's t test or one-way analysis of variance (ANOVA) followed by the Tukey's test. P \ 0.05 was considered to be statistically significant.
Results
Geraniin inhibits constitutive STAT3 activation in glioma cells
We first examined the effect of geraniin on STAT3 signaling activation. As shown in Fig. 1b , geraniin at 5-80 lM significantly suppressed the phosphorylation of STAT3 in U87 cells, compared to control cells (P \ 0.05). Such suppression was in a concentrationdependent fashion. Similarly, geraniin-treated LN229 cells displayed significantly lower levels of phosphorylated STAT3 than control cells. Analysis of the expression of several downstream targets of STAT3 further demonstrated that geraniin at 80 lM caused a significant reduction of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1 protein in both U87 and LN229 cells (Fig. 1c) .
Geraniin suppresses cell viability and induces apoptosis in glioma cells
Given the regulation of STAT3 signaling by geraniin, we investigated the effect of geraniin on glioma growth. MTT assay showed that exposure to geraniin for 48 h led to a concentration-dependent inhibition of the viability of U87 and LN229 cells (Fig. 2a) . However, geraniin treatment did not affect the viability of normal human astrocytes up to the maximal concentration used. Apoptosis analysis after Annexin-V/PI staining showed that geraniin promoted apoptotic death in U87 and LN229 cells in a concentrationdependent manner (Fig. 2b, c) . Measurement of caspase-3 activity, a well-established marker of apoptosis, further confirmed that geraniin-treated U87 and LN229 cells showed a 1.8-2.5-fold increase in caspase-3 activity, compared to corresponding controls (P \ 0.05; Fig. 2d ).
Overexpression of STAT3 reverses geraniinmediated growth suppression and apoptosis in glioma cells
Next, we checked whether geraniin-mediated growth suppression and apoptosis in glioma cells are associated with inactivation of STAT3 signaling. To this end, we performed rescue experiments with constitutively active STAT3. Delivery of constitutively active STAT3 was found to almost completely reverse geraniin-mediated growth suppression in U87 and LN229 cells (Fig. 3a) . Consistently, geraniin-induced apoptosis was significantly (P \ 0.05) blocked by overexpression of constitutively active STAT3 (Fig. 3b) . At the molecular level, overexpression of STAT3 restored the expression of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1 protein in geraniin-treated U87 cells (Fig. 3c) .
Geraniin retards the growth of human glioma cells in vivo
Finally, we explored the in vivo effect of geraniin on glioma growth in a mouse model. Nude mice with U87 xenograft tumors were administered with a single dose of geraniin or an equal volume of vehicle and tumor growth was measured every 4 days for 20 days. It was found that geraniin treatment significantly (P \ 0.05) suppressed tumor growth, compared to the control group (Fig. 4a) . Final tumor weight in the geraniin-treated group was about 44% of that in the control group (0.31 ± 0.08 vs. 0.69 ± 0.11 g, P \ 0.05; Fig. 4b ). TUNEL analysis revealed that geraniin-treated tumors had significantly higher TUNEL-positive cells than the control group, 9.4 ± 1.5 versus 2.9 ± 0.8% (Fig. 4c) . Western blot analysis confirmed that geraniin treatment significantly decreased the phosphorylation of STAT3 in U87 xenograft tumors (Fig. 4d) . Collectively, geraniin shows the ability to suppress glioma growth in vivo.
Discussion
A wide variety of natural ellagitannins have exhibited antiproliferative activity in cancer cells and represent an important source of anticancer phytochemicals (Ismail et al. 2016) . For instance, davidiin extracted from a medicinal herb Polygonum capitatum was reported to suppress tumor growth in hepatocellular carcinoma . The ellagitannin punicalagin can exert cytoprotective effects on lung cancer cells exposed to benzo[a]pyrene, a potent mutagen (Zahin et al. 2014) . Ellagitannins are effective in inhibiting multiple cancer-related signaling pathways including Akt and nuclear factor-kappaB (NF-jB) signaling (Heber 2008; Adams et al. 2006) . In this study, we showed that the ellagitannin geraniin had the ability to suppress STAT3 signaling in glioma cells. Treatment with geraniin caused a concentrationdependent inhibition of STAT3 phosphorylation, which was accompanied by a significant decline in the expression of downstream target genes including Bcl-xL, Mcl-1, Bcl-2, and cyclin D1. Constitutive activation of STAT3 signaling is known to be required for glioma growth (Xue et al. 2016 ). Our results suggest that geraniin may have anticancer potential in glioma. Another ellagitannin punicalagin can also exert cytotoxic effects against glioma cells ). These findings suggest that natural ellagitannins may represent an important source of anticancer biomolecules. Previous studies have demonstrated that geraniin can induce significantly apoptosis in breast cancer, lung adenocarcinoma, and melanoma cells (Lee et al. 2008; Li et al. 2013; Zhai et al. 2016) . Consistently, we found that geraniin exposure led to a significant decrease in cell viability and increase in apoptosis in glioma cells. In vivo studies confirmed that geraniin treatment significantly retarded tumor growth and induced apoptosis in a glioma xenograft mouse model. These results highlight the anticancer potential of geraniin in glioma. Besides apoptotic death, induction b Fig. 3 Overexpression of STAT3 reverses geraniin-mediated growth suppression and apoptosis in glioma cells. Glioma cells were transfected with constitutively active STAT3-expressing plasmid or empty vector 24 h before exposure to 80 lM geraniin. Measurement of a cell viability and b apoptosis in U87 and LN229 cells after indicated treatments. *P \ 0.05. c Western blot analysis of indicated proteins in U87 cells. Representative Western blots from three independent experiments are shown of cell cycle arrest may also contribute to the growthsuppressive activity of geraniin. This hypothesis is supported by the finding that geraniin treatment led to a marked downregulation of cyclin D1, a key regulator of cell cycle progression in glioma cells (Xu et al. 2014) . In contrast to cancer cells, normal human astrocytes were less sensitive to geraniin. It has been reported that geraniin confers protection against c-radiationinduced apoptosis in Chinese hamster lung fibroblast (V79-4) cells (Kang et al. 2011 ) and splenocytes isolated from C57BL/6 mice (Bing et al. 2013 ). These observations suggest that geraniin seems to be selectively cytotoxic to cancer cells. The molecular basis for this tumor selectivity is still unclear. In this study, we showed that overexpression of constitutively active STAT3 significantly rescued the viability of glioma cells exposed to geraniin. Moreover, geraniin treatment significantly suppressed the phosphorylation of STAT3 in glioma xenograft tumors. Previous studies have demonstrated that pharmacological inhibition of STAT3 activation causes cytotoxic effects against glioma cells Mukthavaram et al. 2015) , which is consistent with our findings. Taken together, inhibition of constitutive STAT3 activation accounts, at least partially, for geraniin-mediated cytotoxic effects against glioma cells.
STAT3 as a transcription factor is implicated in the regulation of many cancer-related genes (Chai et al. 2016) . Our data further demonstrated that the expression of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1 in geraniin-treated cells was restored by overexpression of STAT3. Bcl-xL, Mcl-1, and Bcl-2 are well-known anti-apoptotic proteins and contribute to the survival of glioma cells in response to cytotoxic agents (Harmalkar et al. 2015; Karpel-Massler et al. 2015) . Cyclin D1 is a key gene involved in cell cycle progression. Knockdown of cyclin D1 modulates several aspects of glioma biology, leading to suppression of growth and invasion and induction of apoptosis (Wang et al. 2012) . The downregulation of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1 expression by geraniin provides a molecular explanation for its pro-apoptotic activity in glioma cells.
In conclusion, this work demonstrates the anticancer effects of geraniin on glioma cells both in vitro and in vivo, which are causally linked to inhibition of STAT3 activation and downregulation of Bcl-xL, Mcl-1, Bcl-2, and cyclin D1. Geraniin may represent a promising therapeutic agent for malignant gliomas.
